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TARGET FORMATION APPARATUS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims priority of U.S. Application No.

62/735,420 which was filed on Sep. 24, 2018 and titled
TARGET FORMATION APPARATUS, and which i1s incor-

porated herein 1n its entirety by reference.

TECHNICAL FIELD

This disclosure relates to a target formation apparatus for
an extreme ultraviolet (EUV) light source.

BACKGROUND

Extreme ultraviolet (“EUV”) light, for example, electro-
magnetic radiation having wavelengths of 100 nanometers
(nm) or less (also sometimes referred to as soft x-rays), and
including light at a wavelength of, for example, 20 nm or
less, between 5 and 20 nm, or between 13 and 14 nm, may
be used 1n photolithography processes to produce extremely
small features 1n substrates, for example, silicon waters, by
initiating polymerization in a resist layer.

Methods to produce EUV light include, but are not
necessarily limited to, converting a material that includes an
clement, for example, xenon, lithium, or tin, with an emis-
sion line 1n the EUV range 1n a plasma state. In one such
method, often termed laser produced plasma (“LPP”), the
required plasma may be produced by irradiating a target
material, for example, 1n the form of a droplet, plate, tape,
stream, or cluster of material, with an amplified light beam
that may be referred to as a drive laser. For this process, the
plasma 1s typically produced 1n a sealed vessel, for example,
a vacuum chamber, and monitored using various types of
metrology equipment.

SUMMARY

In one general aspect a system for an extreme ultraviolet
light source includes a capillary tube, the capillary tube
including a sidewall extending from a first end to a second
end, the sidewall including an exterior wall and an 1nterior
wall, the mterior wall defining a passage that extends from
the first end to the second end; an actuator configured to be
positioned at the exterior wall of the capillary tube; and an
adhesive between the exterior wall and the actuator, the
adhesive being configured to mechanically couple the actua-
tor and the capillary tube. The adhesive occupies a volume
that remains substantially the same or expands as a result of
curing.

Implementations may include one or more of the follow-
ing features. The adhesive may occupy a volume that
remains substantially the same or expands while the tem-
perature ol the adhesive 1s increased. The adhesive may
occupy a volume that continues to expand or remains
substantially the same when the temperature of the adhesive
1s above a temperature associated with a gel point of the
adhesive.

The adhesive may occupy a volume that remains substan-
tially the same or expands at least at some temperatures
above a gel point of the adhesive.

The adhesive may include a benzoxazine resin or a resin
containing benzoxazines.

The adhesive may include a cyanate ester resin or a resin
containing cyanate esters.
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2

The actuator may surround at least a portion of the
exterior wall of the capillary tube, and the adhesive may
surround the portion of the exterior wall of the capillary
tube. The actuator may include a piezo-electric modulator.

The system also may include a control system coupled to
the actuator, the control system being configured to provide
an actuation signal to the actuator, the actuation signal being
suilicient to cause the actuator to vibrate at a frequency.

In another general aspect, a system for an extreme ultra-
violet light source includes a tube including a sidewall
extending from a {first opening at a first end to a second
opening at a second end, the sidewall including an exterior
wall and an interior wall, the interior wall defiming a passage
that extends from the first end to the second end; an actuator
that surrounds a portion of the exterior wall of the tube; and
an adhesive that fills a region between the portion of the
exterior wall and the actuator such that the adhesive 1s 1n
contact with the portion of the exterior wall and the actuator.
During operational use, molten metal target material tlows
into the second opening of the tube and out of the first
opening ol the tube while the actuator vibrates the tube to
form a stream of target material droplets, and the adhesive
remains i1n contact with the portion of the exterior wall and
the actuator.

Implementations may include one or more of the follow-
ing features. During operational use, the exterior wall may
be heated to a temperature that 1s greater than a curing
temperature of the adhesive, and the adhesive remains in
contact with the portion of the exterior wall and the actuator
when the exterior wall 1s heated to the temperature that 1s
greater than the curing temperature.

The adhesive may occupy a volume that remains substan-
tially the same or expands while increasing the temperature
of the adhesive. The adhesive may occupy a volume that
continues to expand or remains substantially the same when
the temperature of the adhesive i1s above a temperature
associated with a gel point of the adhesive.

The adhesive may occupy a volume that remains substan-
tially the same or expands at least at some temperatures
above a gel point of the adhesive.

The adhesive may include a benzoxazine resin or a resin
containing benzoxazines.

The adhesive may include a cyanate ester resin or a resin
containing cyanate esters.

The actuator may surround at least a portion of the
exterior wall of the capillary tube, and the adhesive may
surround the portion of the exterior wall of the capillary
tube.

In another general aspect, an extreme ultraviolet light
source includes: a vacuum vessel; and a target material
supply system configured to supply target material to an
interior of the vacuum vessel, the target material supply
system 1ncluding: a reservoir configured to hold molten
target material and to apply pressure to the molten target
matenal, the molten target material emitting extreme ultra-
violet light when 1n a plasma state; and a droplet generator
including: a capillary tube, the capillary tube including a
sidewall extending from a first end to a second end, the
sidewall 1including an exterior wall and an interior wall, the
interior wall defining a passage that extends from the first
end to the second end, the passage configured to receive
molten target material from the reservoir; an actuator con-
figured to be positioned at the exterior wall of the capillary
tube; and an adhesive that has a volume that remains
substantially the same or expands as a result of curing, the
adhesive being between the exterior wall and the actuator,
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and the adhesive being configured to mechanically couple
the actuator and the capillary tube.

Implementations may include one or more of the follow-
ing features. The adhesive may occupy a volume that
remains substantially the same or expands while increasing,
the temperature of the adhesive. The adhesive may occupy
a volume that continues to expand or remains substantially
the same when the temperature of the adhesive 1s above a
temperature associated with a gel point of the adhesive. The
adhesive may occupy a volume that remains substantially
the same or expands during curing.

Implementations of any of the techniques described above
may include an EUV light source, a system, a method, a
process, a device, or an apparatus. The details of one or more
implementations are set forth 1n the accompanying drawings
and the description below. Other features will be apparent
from the description and drawings, and from the claims.

DRAWING DESCRIPTION

FIG. 1 1s a block diagram of an example of an EUV light
source.

FIG. 2A 1s a side cross-sectional view of an example of a
target formation apparatus.

FIG. 2B 1s a top cross-sectional view of the target
formation apparatus of FIG. 2A.

FIG. 3 includes a flow chart of an example of a process
300A for fabricating a target formation apparatus and a tlow
chart of an example of a process 300B for operating a target
formation apparatus.

FIGS. 4 and 5A-5C are examples of experimental data.

FIGS. 6A and 6B are block diagrams of an example of a
lithographic apparatus.

FIG. 7 1s a block diagram of an example of an EUV light
source.

DETAILED DESCRIPTION

Referring to FIG. 1, a block diagram of an EUV light
source 100 that includes a supply system 110 1s shown. The
supply system 110 emits a stream of targets 121 such that a
target 121p 1s delivered to a plasma formation location 123
in a vacuum chamber 109. The target 121p includes target
material, which 1s any material that emits EUV light when
in a plasma slate. For example, the target material may
include water, tin, lithium, and/or xenon. The plasma for-
mation location 123 receives a light beam 106. The light
beam 106 1s generated by an optical source 105 and deliv-
ered to the vacuum chamber 109 via an optical path 107. An
interaction between the light beam 106 and the target
material 1n the target 121p produces a plasma 196 that emits
EUV light.

The supply system 110 includes a capillary tube 114 that
1s fluidly coupled to a reservoir 112. The capillary tube 114
defines an ornfice 119. A region 113 (outlined by a dashed
line in FIG. 1) that encompasses a portion of the capillary
tube 114 1s shown 1n greater detail in the inset. The region
113 1s not a physical structure within the vacuum chamber
109 but 1s instead used to label a portion of the supply
system 110 that 1s shown 1n greater detail.

The capillary tube 114 1s mechanically coupled to an
actuator 132 by an adhesive 134 (shown with cross-hatch
shading in FIG. 1). The actuator 132 is coupled to a control
system 150 via a control link 152. The control system 150
may include a function generator, an electronic processor
(not shown), and an electronic storage (not shown) to carry
out the functions of the control system 150. The control link
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152 1s any type connection capable of transmitting data from
the control system 150 to the actuator 132. For example, the
control link 152 may be a wired and/or wireless connection
configured to transmit electronic signals and commands
from the control system 150 to the actuator 132. The control
system 150 generates signals that, when applied to the
actuator 132 or to an element associated with the actuator
132, cause the actuator 132 to move. For example, the
actuator 132 may be a piezoelectric ceramic material that
changes shape based on an applied voltage. In these 1mple-
mentations, the control system 150 generates signals that are
delivered to a voltage source (not shown) that applies
voltages to the actuator 132. The magnitude and/or polarity
of the voltage applied to the actuator 132 1s based on the
signals from the control system 150. Due to the mechanical
coupling between the capillary tube 114 and the actuator
132, when the actuator 132 moves or vibrates, the capillary
tube 114 experiences a corresponding motion or vibration.
Maintaining the mechanical coupling between the actuator
132 and the capillary tube 114 1s important to achieving
proper and robust operation of the EUV light source 100.

The adhesive 134 1s any type of adhesive that occupies a
volume that remains substantially the same or increases as a
result of the curing process. For example, the adhesive 134
may be a benzoxazine resin or a cyanate ester resin. Curing
1s a process by which a chemical reaction (such as polym-
erization) or a physical action (such as evaporation, healing,
or cooling) converts an adhesive material from an un-cured
state to a cured state. The cured state of an adhesive material
1s generally harder, stronger, and/or more stable than the
un-cured state of the adhesive material. For example, 1n the
cured state, the adhesive 1s able to permanently bond two
items, whereas joimng two 1tems with an uncured adhesive
does not permanently bond the two 1tems to each other. The
uncured state of an adhesive 1s, for example, a liquid, and the
cured state 1s generally a solid. The gel point of an adhesive
1s the point at which the adhesive begins to transition to a
solid. More specifically, the gel point 1s a point where
adhesive may still be uncured and relatively soft, but it stops
to change its shape through the flow. The adhesive may
continue to harden and cure after passing through the gel
point.

Known supply systems for EUV light sources use adhe-
sives (such as, for example, high temperature epoxies, or
bismaleimide-based adhesives) that shrink (or reduce in
volume) as a result of the curing process to bond the
capillary tube 114 to the actuator 132. Such adhesives have
a tendency to delaminate during use. Delamination 1s the
direct consequence of the large tensile stress that 1s induced
in the adhesive layer by the cure shrinkage. When an
adhesive delaminates, i1t separates into layers and/or
detaches from an item or items to which the adhesive was
intentionally bonded. The delamination results in a weak-
enming or loss of the mechanical coupling between the PZT
actuator and the nozzle capillary bonded by the adhesive.

On the other hand, curing does not cause a net shrink of
the adhesive 134. The physical properties of the adhesive
134, particularly the characteristics related to a stable or
expanding volume due to curing or as a result of the curing
process or during curing, eliminate or reduce the occurrence
of delamination during use of the supply system 110. Using
the adhesive 134 in the supply system 110 leads to a more
robust mechanical coupling between the actuator 132 and
the capillary tube 114, thereby providing an overall
improvement in performance of the EUV source 100. Belore
discussing the adhesive 134 in greater detail, an overview of
the operation of the supply system 110 1s provided.
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The reservoir 112 contains target material under pressure
P. The target material 1s 1n a molten state and 1s able to flow,
and the pressure in the vacuum chamber 109 1s lower than
the pressure P. Thus, the target matenial flows through the
capillary tube 114 and 1s emitted into the chamber 109
through the orifice 119. The target material exits the orifice
119 as a jet or continuous stream 124 of target material. The
jet of target maternial breaks up into individual droplets. The
break-up of the jet 124 may be controlled such that the
individual droplets coalesce into larger droplets that arrive at
the plasma formation location 123 at a desired rate by
vibrating the capillary tube 114. For example, the control
system 150 may provide a signal that has at least a first
frequency and a second frequency via the control link 152 to
thereby drive the actuator 132 to vibrate at the first and
second frequencies. The first frequency may be in the
megahertz (MHz) range. Vibrating the capillary tube 114 at
the first frequency causes the jet 124 to break into relatively
small targets of desired sizes and speeds. The second fre-
quency 1s lower than the first frequency. For example, the
second frequency may be 1n the kilohertz (kHz) range. The
second Ifrequency 1s used to modulate the velocity of the
targets 1n the stream and to encourage target coalescence.
Driving the capillary tube 114 at the second frequency
causes groups of targets to form. In any given group of
targets, the various targets travel at diflerent velocities. The
targets with higher velocities may coalesce with the targets
with lower velocities to form larger coalesced targets that
make up the stream of targets 121. These larger targets are
separated from each other by a larger distance than the
non-coalesced droplets. The larger separation helps to miti-
gate the influence of the plasma formed from one target on
the trajectory of the subsequent targets 1n the stream 121.
The targets 1n the stream of targets 121 may be approxi-
mately spherical, with a diameter of about 30 um.

By causing the capillary tube 114 to vibrate in this
manner, targets may be generated at frequencies of, for
example, between 40 to 300 kHz and may travel toward the
plasma formation location 123 at a velocity of, for example,
between 40 and 120 meters per second (m/s) or up to 500
m/s. The spatial separation between two adjacent targets in
the stream of targets 121 may be, for example, between 1
and 3 millimeters (mm). Between 50 and 300 1nitial droplets
(also called Rayleigh droplets) may coalesce to form a single
larger target.

Thus, the motion of the capillary tube 114 1s controlled to
encourage coalescence of target material and to control the
rate of target production. The motion of the capillary tube
114 corresponds to the motion of the actuator 132 as long as
a good mechanical coupling between the actuator 132 and
the capillary tube 114 1s maintained. As such, maintaining,
the mechanical coupling between the actuator 132 and the
capillary lube 114 1s important to ensuring that the produc-
tion of targets 1s carried out as intended and that the EUV
light source 100 generates EUV light at an expected rate.
The adhesive 134 improves the mechanical coupling
between the capillary tube 114 and the actuator 132.

FIG. 2A 1s a side cross-sectional view of a target forma-
tion apparatus 216 m an X-7Z plane. FIG. 2B 1s a top
cross-sectional view of the target formation apparatus 216 1n
a Y-Z plane taken along the line 2B'-2B' of FIG. 2A.

The target formation apparatus 216 may be used in the
EUYV light source 100 (FIG. 1) 1n place of the capillary tube
114, the actuator 132, and the adhesive 134. The target
formation apparatus 216 includes a capillary tube 214 that 1s
mechanically coupled to an actuator 232 by an adhesive 234
(shown 1n cross-hatch shading). The adhesive 234 1s any
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type of adhesive that expands or remains the same volume
due to curing. For example, the adhesive 234 may be a
benzoxazine resin, a resin contaiming benzoxazines, a
cyanate ester resin, or a resin containing cyanate esters.

The capillary tube 214 includes a sidewall 250 that
extends along the X direction from a first end 251 to a
second end 252. The sidewall 250 1s a three-dimensional
object that 1s generally cylindrical. The sidewall 250
includes an iner surface 253 and an outer surface 254. The
inner surface 233 defines an interior region 238 (FIG. 2B)
that 1s 1n fluid communication with a nozzle 255 at the first
end 251. The nozzle 255 narrows along the —X direction to
define an orifice 219. In operational use, the interior region
2358 1s tluidly coupled to a reservoir of target material (such
as the reservoir 112 of FIG. 1), and molten target material
flows 1n the interior region 258 of the capillary tube 214 and
through the orifice 219 1n the —-X direction.

In the example of FIGS. 2A and 2B, the actuator 232 1s a
cylinder with an outer actuator surface 235 and an 1nner
actuator surface 236. The inner actuator surface 236 defines
an open central region that extends along the X direction.
The inner actuator surface 236 completely surrounds a
portion 257 (FIG. 2A) of the outer surface 254. The portion
257 1includes any part of the outer surface 254 that is
surrounded by the actuator 232. The portion 257 may extend
from the first end 251 to the second end 252, or the portion
257 may extend along the X direction over less than the
entire length of the sidewall 250. In the example of FIG. 2A,
the portion 257 extends in the X direction over less than the
entire length of the sidewall 250.

The actuator 232 1s made of any matenal that 1s capable
of causing the sidewall 250 to move. For example, the
actuator 232 may be a piezoelectric ceramic material such as
lead zirconate titanate (PZ1) that changes shape in response
to the application of voltage. By changing shape, the PZT
also causes the capillary tube 214 to move. The actuator 232
may cause the capillary tube 214 to move by wvibrating,
translating, squeezing, or any other form of motion.

The actuator 232 1s mechanically coupled to the portion
257 with the adhesive 234. The adhesive 234 occupies the
space between the portion 257 of the outer surtface 254 and
the actuator 232. The adhesive 234 1s intended to completely
{111 the space and to make physical contact with all of the
portion 257 and with the actuator 232. As such, the adhesive
234 forms a mechanical coupling between the potion 257 of
the outer surface 254 and the actuator 232. Due to the
physical properties of the adhesive 234, the adhesive 234
remains 1n contact with the portion 257 and the actuator 232
during operational use of the target formation apparatus 216,
as discussed 1n more detail with respect to FIGS. 3 and 4.

Referring to FIG. 3, a flow chart of an example of a
process 300A for fabricating the target formation apparatus
216 and a flow chart of an example of a process 300B for
operating the target formation apparatus 216 are shown. The
processes 300A and 300B are discussed with respect to the
target formation apparatus 216 of FIGS. 2A and 2B. How-
ever, the process 300A may be used to fabricate other target
formation apparatuses that include an adhesive such as the
adhesive 234, and the process 300B may be used to operate
other target formation apparatuses that include an adhesive
such as the adhesive 234.

The actuator 232 and the capillary tube 214 are positioned
relative to each other (310). For example, the capillary tube
214 1s inserted into the open region defined by the inner
actuator surface 236. The actuator 232 and the capillary tube
214 are mechanically coupled to each other with an adhesive
that does not shrink as a result of curing (320). To mechani-
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cally couple the actuator 232 and the capillary tube 214 to
cach other, the adhesive 1s placed 1n the space between the
iner actuator surface 236 and the portion 257. The adhesive
234 1s mitially uncured (for example, in liquid form). The
adhesive 234 1s cured by heating the adhesive 234 at least to
the gel point and may be heated to temperatures above the
gel point. The curing temperature and the temperature of the
gel point depend on the chemical composition of the adhe-
sive and may be, for example 100-140 degrees (°) Celsius
(C) and up to 300 degrees Celsius.

The volume of the adhesive 234 expands or does not
change as a result of the curing process. This 1s 1n contrast
to adhesives used 1n traditional target formation apparatuses.
The adhesives used to couple a capillary lube to an actuator
in a traditional target formation apparatus are adhesives that
shrink (reduce 1n volume) due to the curing process. In the
discussion below, an adhesive that shrinks as a result of
curing 1s referred to as a traditional adhesive. Examples of
such traditional high temperature capable adhesives include,
for example, epoxies, silicone elastomers, polyimides, bis-
maleimides, and vinyl esters. When the temperature of the
traditional adhesive reaches the gel point, the traditional
adhesive begins to solidity and shrink. The traditional adhe-
sive 15 confined between the surfaces of the capillary lube
and the actuator. Thus, when the traditional adhesive
shrinks, a tensile stress 1s generated 1n the adhesive. Stress
1s the average force per unit area that a body exerts on an
adjacent body, and a tensile stress 1s a lengthening or
stretching stress. After curing, a tensile stress may be present
in the traditional adhesive. This tensile stress tends to stretch
out the traditional adhesive and may cause the traditional
adhesive to pull apart. Thus, the presence of the tensile stress
may destroy the mechanical coupling between the capillary
tube and the actuator or lead to the formation of a weaker-
than-ideal mechanical coupling that 1s prone to delamination
during operational use. Delamination during operational use
may lead to target coalescence that 1s less than optimal and
stray satellite droplets. Additionally, the delamination may
be spatially non-umiform. For example, the delamination
may occur only on one side or only 1n one area. This may
cause produced targets to be ofl-axis, that 1s, to not travel
along the expected path to the plasma formation region 123.

In contrast, the adhesive 234 expands or does not change
in volume due to curing. In other words, the adhesive 234
does not shrink due to curing. The adhesive 234 1s confined
between the capillary tube 214 and the actuator 232. Thus,
when the adhesive 234 cures, 1instead of a tensile stress, a
compressive stress arises i the adhesive 234. A compressive
stress 1s along a direction that 1s opposite to a direction of a
corresponding tensile stress. The compressive stress in the
adhesive 234 encourages a mechanical coupling between the
portion 257 and the actuator 232, and the compressed
adhesive 234 1s less likely to tear apart or separate.

After the adhesive 234 has cured, the target formation
apparatus 216 1s cooled to room temperature. The actuator
232 and the capillary tube 214 are made from different
maternals and have different coeflicients of thermal expan-
sion (CTE). For example, the capillary tube 214 may be
made of quartz (which has a CTE of about 0.5x10°/C®), and
the actuator 232 may be a piezoelectric ceramic material,
such as PZT (which has a CTE of about 5 to 8x107°/C°).
Thus, when healed or cooled, the dimensions of the capillary
tube 214 and the actuator 232 change by diflerent amounts.
When the target formation apparatus 216 cools to room
temperature, the diameter of the inner actuator surface 236
decreases faster than the diameter of the portion 257. As
such, cooling the target formation apparatus 216 to room
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temperature results 1n the inner actuator surface 236 pressing,
the adhesive 234 toward the portion 257, thereby applying
a further compressive stress that encourages mechanical
coupling between the actuator 232 and the portion 257.

If a traditional adhesive that shrinks as a result of curing
was used instead of the adhesive 234, the inner actuator
surface 236 would still press the traditional adhesive toward
the capillary tube 214. However, the tensile stress in the
traditional adhesive from curing would counteract the com-
pressive stress applied by the inner actuator surface 236.

On the other band and as discussed above, using the
adhesive 234 achieves a total stress that 1s compressive
overall. The presence of an overall compressive stress
encourages the mechanical connection between the capillary
tube 214 and the actuator 232 and makes 1t less likely that
partial or complete delamination will occur. Accordingly,
using the adhesive 234 instead of the adhesives that are
traditionally used 1n target formation apparatuses results in
the target formation apparatus 216 being more robust than a
traditional target formation apparatus.

After the process 300A 1s completed, the target formation
apparatus 216 1s ready to be stored, shipped, and/or installed
in an EUV light source. The process 300B 1s performed alter
the target formation apparatus 216 is installed in an EUV
light source, such as the EUV light source 100 of FIG. 1. The
process 300B 1s discussed with reference to the EUV light
source of FIG. 1 and the target formation apparatus 216 of
FIGS. 2A and 2B.

When 1installed 1n the EUV light source, the target for-
mation apparatus 216 1s arranged such that the interior
region 258 of the capillary tube 214 1s 1n fluid communica-
tion with the target maternal 1n the reservoir 112 (FIG. 1), and
the orifice 219 1s mside the vacuum chamber 109. The target
material flows through the interior region 258 (330). For
example, applying the pressure P to the target material 1n the
reservoir 112 causes the target material to flow through the
interior region 258. The target material 1s emitted from the
orifice 219.

The motion of the capillary tube 214 1s controlled (340).
For example, die actuator 232 1s connected to the control
system 150 via the control link 152, and the control system
150 controls a magnitude of voltage applied and/or a polar-
ity of voltage applied to the actuator 232 to control the
motion of the actuator 232. In some implementations, the
control system 150 causes the actuator 232 to vibrate at a
first and second frequency to encourage coalescence of the
target material and control the rate of targets at the plasma
formation location 123.

The target material 1s typically molten metal and has a
temperature that 1s much higher than room temperature. As
the target material moves through the interior region 238, the
temperature of the capillary tube 214, the portion 257, the
adhesive 234, and the actuator 232 should also be main-
tained above the melting point of the target material. Under
typical operating conditions, the temperature of the adhesive
234 may increase to about 250° C. The operational tem-
perature ol the target formation apparatus 216 may be
greater than the curing temperature of the adhesive 234.

As discussed above, the capillary tube 214 and the actua-
tor 232 are made from different materials that have different
coellicients of thermal expansion. Thus, the capillary tube
214 and the actuator 232 expand by diflerent amounts as
they are heated to the operating temperature. For example,
the actuator 232 expands radially outward more quickly than
the capillary tube 214. This causes the actuator 232 to pull
on the adhesive 234, thereby increasing the tensile stress 1n
the adhesive. However, this tensile stress 1s compensated by
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the compressive stress 1n the adhesive 234. Thus, the adhe-
sive 234 does not delaminate during operational use of the
target formation apparatus 216.

This 1s 1n contrast to a traditional target formation appa-
ratus that uses an adhesive that shrinks as a result of the
curing process. As discussed above, the adhesives tradition-
ally used in target formation apparatuses shrink as a result of
the curing process and generate a relatively large tensile
stress 1nstead of a compressive stress. As such, when a
traditional target formation apparatus is heated during opera-
tional use, the additional tensile stress arising from the
mismatch in the coeflicient of thermal expansion between
the materials 1s not compensated by a compressive stress in
the adhesive layer. Instead, the tensile stress dominates and
the traditional adhesive 1s more likely to delaminate than the
adhesive 234.

Accordingly, the adhesive 234 remains 1n contact with the
portion 257 and the actuator 232 during operational use such
that the adhesive 234 provides a robust mechanical coupling,
between the portion 257 and the actuator 232. As such, using
the adhesive 234 instead of an adhesive traditionally used to
fabricate a target formation apparatus results 1n the target
formation apparatus 216 being more robust and improves
the performance of an EUV light source that includes the
target formation apparatus 216.

FIGS. 4, SA, 5B, and 5C show experimental results
related to the adhesive 234. The mechanical coupling
between the actuator and capillary tube of a target formation
apparatus may be assessed by analyzing the impedance of
the target formation apparatus as a function of frequency.

FIG. 4 1s a graph 400 that compares a measured 1mped-
ance response of a target formation apparatus in which a
capillary tube was coupled to an actuator with a cyanate
ester adhesive to a measured impedance response of a target
formation apparatus in which a typical adhesive (bismale-
imide adhesive 1n this case) was used to couple the actuator
to the capillary tube. The response of the target formation
apparatus that uses cyanate ester 1s labeled 460. The
response of the target formation apparatus that uses the
traditional adhesive 1s labeled 461. The cyanate ester adhe-
sive does not shrink due to curing, whereas the traditional
adhesive shrinks due to curing. Other than using different
adhesives, the target formation apparatus used to generate
the data labeled 460 was the same as the target formation
apparatus used to generate the data labeled 461.

The impedance response 1s the phase of the impedance of
the target formation apparatus in degrees as a function of
frequency 1n kilohertz (kHz). An i1deal target formation
apparatus 1n which the mechanical connection between the
capillary tube and the actuator 1s robust has an impedance
response with strong (relatively high amplitude) peaks at the
resonant frequency or frequencies of the target formation
apparatus. When the mechanical coupling between the cap-
illary tube and the actuator deteriorates, the value of the
impedance response at the resonant frequency or frequencies
1s reduced.

In FIG. 4, the impedance response 460 has strong peaks
at three resonant frequencies, with the largest peak having a
magnitude of about 28 degrees at about 51 kHz (the imped-
ance response curves are oilset in the plot for clanty by 10
degrees). In contrast, the largest peak of the impedance
response 461 has a magnitude of only 7 degrees at the same
frequency. Thus, the peak 1n the impedance response 461 1s
significantly lower compared to the peak in the impedance
response 460. This result indicates that the cyanate ester
provides better mechanical coupling between the actuator
and the capillary tube.
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FIG. 5A includes six impedance graphs 500A-500F. Each
impedance graph 500A-500F includes a measured imped-
ance response (phase) from two different target formation
apparatuses at 20° C., 150° C., 200° C., 220° C. 240° C. and
260° C., respectively. The data plotted with the dashed line
style (561) represents data from a target formation apparatus
in which a traditional adhesive was used to bond a glass
capillary tube to a PZT actuator. The data plotted with the
solid line style (560) represents data from the same target
formation apparatus except a cyanate ester adhesive that
does not shrink as a result of curing was used to bond the
glass capillary tube to the PZT actuator. The plots in FIG. 5A
obtained at different temperature are oflset vertically by 150
degrees 1n phase for clarty.

The most prominent feature 1n the plots shown in FIG. 5A
1s the hoop mode peak that appears approximately at a
frequency of 1 MHz for both target formation apparatuses at
room temperature (at a temperature of 20° C.). The hoop
mode 1s a mode 1 which the tube that forms the PZT
actuator vibrates along the radial direction. The frequency of
the peak of the hoop mode changes 11 the adhesive delami-
nates because the eflective stiflness of the PZT tube 1s
different depending on whether 1t 1s rigidly attached to the
capillary tube or not. Thus, measuring the frequency of the
hoop mode peak 1s another way to gage the robustness of the
mechanical coupling between the capillary tube and the PZT
tube.

As shown mn FIG. SA, the peak of the hoop mode
impedance 1n the target formation apparatus that uses the
typical adhesive (561) shilts to a lower frequency as the
temperature increases. This shift 1s due to a delamination of
the adhesive that 1s caused by the tensile stress that origi-
nates 1n the C'TE mismatch between the glass capillary tube
and the PZT material and the tensile stress due to the
traditional adhesive shrinking as a result of curing. On the
other hand, the peak of the hoop mode impedance 1n the
target formation apparatus that uses the cyanate ester adhe-
s1ve (560) was substantially the same 1n all of the impedance
graphs 500A-500F. This indicates that the cyanate ester
adhesive did not delaminate as the temperature was
increased.

FIG. 5B shows eight impedance graphs S01A-501H for a
target formation apparatus in which a cyanate ester adhesive
known as AroCy® XU371 adhesive (available from Hunts-
man Advanced Materials Americas LLC of the Woodlands,
Tex.) was used to bond a glass capillary tube to a PZT
actuator. Fach impedance graph 501A-501H shows the
measured impedance response of the target formation appa-
ratus between 45 kHz and 55 kHz during a different run of
the target formation apparatus. Each run was performed at a
different time.

The impedance graph 501A shows the impedance
response measured during the nitial run (the first or nitial
use) of the target formation apparatus while the target
formation apparatus was heated to about 250° C. and pres-
surized to about 3,000 pounds per square inch (psi1). Atfter the
initial run, the target formation apparatus was shut down by
being depressurized and cooled to room temperature. The
target formation apparatus was again heated to operating
temperature and pressurized to perform a second run. The
impedance response shown in the impedance graph 501B
was measured during the second run and while the target
formation was heated and pressurized. After the second run,
the target formation apparatus was again cooled to room
temperature and depressurized. The 1mpedance graphs
501C-501H show mmpedance responses measured during
subsequent runs.
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As shown 1n FIG. 3B, the frequency at which the peak of
the impedance response occurs 1s substantially the same
during each run and the amplitude of the peak 1s substan-
tially the same, indicating that the AroCy® XU3/71 adhesive
did not delaminate despite repeated temperature and pres-
sure cycling.

FIG. 5C shows hoop mode data 502A-502H for a target
formation apparatus that uses the AroCy® XU371 adhesive
to bond a glass capillary tube to a PZT actuator. The hoop
mode data 502A-502H was taken under the same conditions
as the data in FIG. 5B. For example, the hoop mode data
502A shows the measured hoop mode impedance for the
initial run, the hoop mode data 502B shows the measured
hoop mode impedance for the second run, and each of the
hoop mode data 502C-502/ shows the measured hoop mode
impedance for one of the subsequent runs. The hoop mode
data 501 A-502H shows that the frequency at which the peak
of the hoop mode occurs does not vary from run-to-run. This
provides further evidence that the AroCy® XU371 adhesive
did not delaminating despite repeated temperature and pres-
sure cycling.

The target formation apparatus used to collect the data in
FIG. SA had different characteristics than those shown 1n
FIGS. 5B, C. For example, the target formation apparatus
used to collect the data in FIG. 5A had a PZT tube with a
thicker wall. Thus, the frequency of the hoop mode peak in
impedance response 1s different for each of these two target
formation apparatus under the same operating conditions.
However, the data shown 1n FIGS. SA-5C demonstrates that
using an adhesive that does not shrink as a result of curing
reduces occurrence of delamination.

FIG. 6A 1s a block diagram of a lithographic apparatus
600 that includes a source collector module SO. The litho-
graphic apparatus 600 includes:

an 1llumination system (illuminator) IL configured to
condition a radiation beam B (for example, EUV radia-
tion).

a support structure (for example, a mask table) MT
constructed to support a patterning device (for
example, a mask or a reticle) MA and connected to a
first positioner PM configured to accurately position
the patterning device;

a substrate table (for example, a waler table) WT con-
structed to hold a substrate (for example, a resist-coated
waler) W and connected to a second positioner PW
configured to accurately position the substrate; and

a projection system (for example, a retlective projection
system) PS configured to project a pattern imparted to
the radiation beam B by patterming device MA onto a
target portion C (for example, including one or more
dies) of the substrate W.

The i1llumination system may include various types of
optical components, such as refractive, reflective, magnetic,
clectromagnetic, electrostatic or other types of optical com-
ponents, or any combination thereof, for directing, shaping,
or controlling radiation.

The support structure M T holds the patterning device MA
in a manner that depends on the orientation of the patterning
device, the design of the lithographic apparatus, and other
conditions, such as for example whether or not the pattern-
ing device 1s held 1 a vacuum environment. The support
structure may use mechanical, vacuum, electrostatic or other
clamping techniques to hold the patterning device. The
support structure may be a frame or a table, for example,
which may be fixed or movable as required. The support
structure may ensure that the patterning device 1s at a desired
position, for example with respect to the projection system.
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The term “patterming device” should be broadly inter-
preted as referring to any device that may be used to impart
a radiation beam with a pattern 1n its cross-section such as
to create a pattern in a target portion of the substrate. The
pattern imparted to the radiation beam may correspond to a
particular functional layer in a device being created 1n the
target portion, such as an integrated circuit.

The patterning device may be transmissive or retflective.
Examples of patterning devices include masks, program-
mable mirror arrays, and programmable LCD panels. Masks
are well known 1n lithography, and include mask types such
as binary, alternating phase-shift, and attenuated phase-shiit,
as well as various hybrid mask types. An example of a
programmable mirror array employs a matrix arrangement
of small mirrors, each of which can be individually tilted so
as to retlect an incoming radiation beam 1n different direc-
tions. The tilted mirrors impart a pattern 1n a radiation beam
which 1s reflected by the mirror matrix.

The projection system PS, like the 1llumination system IL,
may include various types of optical components, such as
refractive, reflective, magnetic, electromagnetic, electro-
static or other types of optical components, or any combi-
nation thereof, as appropriate for the exposure radiation
being used, or for other factors such as the use of a vacuum.
It may be desired to use a vacuum for EUV radiation since
other gases may absorb too much radiation. A vacuum
environment may therefore be provided to the whole beam
path with the aid of a vacuum wall and vacuum pumps.

In the example of FIGS. 6A and 6B, the apparatus 1s of a
reflective type ({or example, employing a retlective mask).
The lithographic apparatus may be of a type having two
(dual stage) or more substrate tables (and/or two or more
patterning device tables). In such “multiple stage” machines
the additional tables may be used 1n parallel, or preparatory
steps may be carried out on one or more tables while one or
more other tables are being used for exposure.

Referring to FIG. 6A, the illuminator IL receives an
extreme ultraviolet radiation beam from the source collector
module SO. Methods to produce EUV light include, but are
not necessarily limited to, converting a material mnto a
plasma state that has at least one element, for example,
xenon, lithium or tin, with one or more emission lines in the
EUV range. In one such method, often termed laser pro-
duced plasma (“LPP”) the required plasma 1s produced by
irradiating a fuel, such as a droplet, stream or cluster of
material having the required line-emitting element, with a
laser beam. The source collector module SO may be part of
an EUV radiation system including a laser, not shown 1n
FIG. 6 A, for providing the laser beam exciting the fuel. The
resulting plasma emits output radiation, for example, EUV
radiation, which 1s collected using a radiation collector,
disposed 1n the source collector module. The laser and the
source collector module may be separate entities, for
example when a carbon dioxide (CO,) laser 1s used to
provide the laser beam for fuel excitation.

In such cases, the laser 1s not considered to form part of
the lithographic apparatus and the radiation beam 1s passed
from the laser to the source collector module with the aid of
a beam delivery system including, for example, suitable
directing mirrors and/or a beam expander. In other cases the
source may be an integral part of the source collector
module, for example when the source 1s a discharge pro-
duced plasma EUV generator, often termed as a DPP source.

The 1lluminator IL may comprise an adjuster for adjusting,
the angular intensity distribution of the radiation beam.
Generally, at least the outer and/or inner radial extent
(commonly referred to as o-outer and o-1nner, respectively)
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of the intensity distribution 1n a pupil plane of the 1llumi-
nator can be adjusted. In addition, the i1lluminator IL may
comprise various other components, such as facetted field
and pupil mirror devices. The illuminator IL may be used to
condition the radiation beam, to have a desired uniformity
and intensity distribution in its cross-section.

The radiation beam B 1s incident on the patterning device
(for example, mask) MA. which 1s held on the support
structure (for example, mask table) MT, and 1s patterned by
the patterning device. After being reflected from the pat-
terming device (for example, mask) MA, the radiation beam
B passes through the projection system PS, which focuses
the beam onto a target portion C of the substrate W. With the
aid of the second positioner PW and position sensor PS2 (for
example, an interferometric device, linear encoder or capaci-
tive sensor), the substrate table WT can be moved accu-
rately, for example, so as to position diflerent target portions
C 1n the path of the radiation beam B. Similarly, the first
positioner PM and another position sensor PS1 can be used
to accurately position the patterning device (for example
mask) MA with respect to the path of the radiation beam B.
Patterning device (for example mask) MA and substrate W
may be aligned using patterning device alignment marks
M1, M2 and substrate alignment marks P1, P2.

The depicted apparatus may be used in at least one of the
following modes:

1. In step mode, the support structure (for example, mask
table) MT and the substrate table WT are kept essen-
tially stationary, while an entire pattern imparted to the
radiation beam 1s projected onto a target portion C at
one time (that 1s, a single static exposure). The substrate
table W' 1s then shifted 1n the X and/or Y direction so
that a different target portion C can be exposed.

2. In scan mode, the support structure (for example, mask
table) MT and the substrate table WT are scanned
synchronously while a pattern imparted to the radiation
beam 1s projected onto a target portion C (that 1s, a
single dynamic exposure). The velocity and direction
of the substrate table W relative to the support struc-
ture (for example, mask tablet MT may be determined
by the (de-)magnification and 1mage reversal charac-
teristics of the projection system PS.

3. In another mode, the support structure (for example,
mask table) MT 1s kept essentially stationary holding a
programmable patterning device, and the substrate
table WT 1s moved or scanned while a pattern imparted
to the radiation beam 1s projected onto a target portion
C. In this mode, generally a pulsed radiation source 1s
employed and the programmable patterning device 1s
updated as required after each movement of the sub-
strate table W1 or in between successive radiation
pulses during a scan. This mode of operation can be
readily applied to maskless lithography that utilizes
programmable patterning device, such as a program-
mable mirror array of a type as referred to above.

Combinations and/or variations on the above described
modes of use or entirely different modes of use may also be
employed.

FIG. 6B shows an implementation of the lithographic
apparatus 600 1n more detail, including the source collector
module SO, the i1llumination system IL, and the projection
system PS. The source collector module SO 1s constructed
and arranged such that a vacuum environment can be
maintained 1 an enclosing structure 620 of the source
collector module SO. The systems IL and PS are likewise
contained within vacuum environments of their own. An
EUYV radiation emitting plasma 2 may be formed by a laser
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produced LPP plasma source. The function of source col-
lector module SO 1s to deliver EUV radiation beam 20 from
the plasma 2 such that 1t 1s focused 1n a virtual source point.
The virtual source point 1s commonly referred to as the
intermediate focus (IF), and the source collector module 1s
arranged such that the intermediate focus IF 1s located at or
near an aperture 621 in the enclosing structure 620. The
virtual source point IF 1s an 1image of the radiation entitling
plasma 2.

From the aperture 621 at the intermediate focus IF, the
radiation traverses the i1llumination system IL, which 1n this
example includes a facetted field mirror device 22 and a
facetted pupil mirror device 24. These devices form a
so-called “fly’s eye” illuminator, which 1s arranged to pro-
vide a desired angular distribution of the radiation beam 21,
at the patterning device MA, as well as a desired uniformaity
of radiation intensity at the patterning device MA (as shown
by reference 660). Upon reflection of the beam 21 at the
patterning device MA, held by the support structure (mask
table) MT, a patterned beam 26 1s formed and the patterned
beam 26 1s imaged by the projection system PS via reflective
clements 28, 30 onto a substrate W held by the substrate
table WT. To expose a target portion C on substrate W,
pulses of radiation are generated while substrate table WT
and patterming device table MT perform synchronized
movements to scan the pattern on patterning device MA
through the slit of i1llumination.

Each system IL and PS 1s arranged within 1ts own vacuum
or near-vacuum environment, defined by enclosing struc-
tures similar to enclosing structure 620. More elements than
shown may generally be preset in 1llumination system IL and
projection system PS. Further, there may be more mirrors
present than those shown. For example there may be one to
s1x additional reflective elements present 1n the i1llumination
system IL and/or the projection system PS, besides those
shown 1n FIG. 6B.

Considering source collector module SO 1n more detail, a
laser energy source including a laser 623 is arranged to
deposit laser energy 624 into a fuel that includes a target
material. The target material may be any material that emits
EUV radiation in a plasma state, such as xenon (Xe), tin
(Sn), or lithhum (L1). The plasma 2 1s a highly 1onized
plasma with electron temperatures of several 10’°s of elec-
tron volts (eV). Higher energy EUV radiation may be
generated with other fuel matenals, for example, terbium
(Tb) and gadolinium (Gd). The energetic radiation generated
during de-excitation and recombination of these 1ons 1is
emitted from the plasma, collected by a near normal 1nci-
dence collector 3 and focused on the aperture 621. The
plasma 2 and the aperture 621 are located at first and second
focal points of collector CO, respectively.

Although the collector 3 shown 1n FIG. 6B 1s a single
curved mirror, the collector may take other forms. For
example, the collector may be a Schwarzschild collector
having two radiation collecting surfaces. In an embodiment,
the collector may be a grazing incidence collector which
comprises a plurality of substantially cylindrical reflectors
nested within one another.

To deliver the fuel, which, for example, 1s liqud tin, a
droplet generator 626 1s arranged within the enclosure 620,
arranged to fire a high frequency stream 628 of droplets
towards the desired location of plasma 2. The droplet
generator 626 may be the target formation apparatus 216
and/or includes an adhesive such as the adhesive 234. In
operation, laser energy 624 is delivered 1n a synchronism
with the operation of droplet generator 626, to deliver
impulses of radiation to turn each fuel droplet into a plasma
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2. The frequency of delivery of droplets may be several
kilohertz, for example 50 kHz. In practice, laser energy 624
1s delivered 1n at least two pulses: a pre pulse with limited
energy 1s delivered to the droplet before i1t reaches the
plasma location, 1n order to vaporize the fuel matenal 1nto
a small cloud, and then a main pulse of laser energy 624 is
delivered to the cloud at the desired location, to generate the
plasma 2. A trap 630 1s provided on the opposite side of the
enclosing structure 620, to capture fuel that 1s not, for
whatever reason, turned into plasma.

The droplet generator 626 comprises a reservoir 601
which contains the fuel liquid (for example, molten tin) and
a filter 669 and a nozzle 602. The nozzle 602 1s configured
to eject droplets of the fuel liquid towards the plasma 2
formation location. The droplets of fuel liguid may be
¢jected from the nozzle 602 by a combination of pressure
within the reservoir 601 and a vibration applied to the nozzle
by a piezoelectric actuator (not shown).

As the skilled reader will know, reterence axes X, Y, and
7. may be defined for measuring and describing the geometry
and behavior of the apparatus, 1ts various components, and
the radiation beams 20, 21, 26. At each part of the apparatus,
a local reference frame of X, Y and 7 axes may be defined.
In the example of FIG. 6B, the 7 axis broadly coincides with
the direction optical axis O at a given point 1n the system,
and 1s generally normal to the plane of a patterning device
(reticle) MA and normal to the plane of substrate W. In the
source collector module, the X axis coincides broadly with
the direction of fuel stream 628, while the Y axis 1s orthogo-
nal to that, pointing out of the page as indicated in FIG. 6.
On the other hand, 1n the vicinity of the support structure MT
that holds the reticle MA, the X axis 1s generally transverse
to a scanmng direction aligned with the Y axis. For conve-
nience, in this area of the schematic diagram FIG. 6B, the X
axis points out of the page, again as marked. These desig-
nations are conventional 1n the art and will be adopted herein
for convenience. In principle, any reference frame can be
chosen to describe the apparatus and its behavior.

Numerous additional components used 1n the operation of
the source collector module and the lithographic apparatus
500 as a whole are present 1n a typical apparatus, though not
illustrated here. These include arrangements for reducing or
mitigating the effects of contamination within the enclosed
vacuum, for example to prevent deposits of fuel material
damaging or impairing the performance of collector 3 and
other optics. Other features present but not described in
detail are all the sensors, controllers and actuators involved
in controlling of the various components and sub-systems of
the lithographic apparatus 600.

Referring to FIG. 7, an implementation of an LPP EUV
light source 700 1s shown. The light source 700 may be used
as the source collector module SO 1n the lithographic
apparatus 600. Furthermore, the optical source 105 of FIG.
1 may be part of the drive laser 715. The drive laser 715 may
be used as the laser 623 (FIG. 6B).

The LPP EUYV light source 700 1s formed by 1rradiating a
target mixture 714 at a plasma formation location 705 with
an amplified light beam 710 that travels along a beam path
toward the target mixture 714. The target material discussed
with respect to FIGS. 1, 2A, 2B, and 3, and the targets in the
stream 121 discussed with respect to FIG. 1 may be or
include the target mixture 714. The plasma formation loca-
tion 7035 1s within an 1nterior 707 of a vacuum chamber 730.
When the amplified light beam 710 strikes the target mixture
714, a target material within the target mixture 714 1is
converted into a plasma state that has an element with an
emission line 1 the EUV range. The created plasma has
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certain characteristics that depend on the composition of the
target material within the target mixture 714. These charac-
teristics may 1include the wavelength of the EUV light
produced by the plasma and the type and amount of debris
released from the plasma.

The light source 700 also includes the supply system 725
that delivers, controls, and directs the target mixture 714 in
the form of liquid droplets, a liquid stream, solid particles or
clusters, solid particles contained within liquid droplets or
solid particles contained within a liquid stream. The target
mixture 714 includes the target material such as, for
example, water, tin, lithium, Xenon, or any material that,
when converted to a plasma state, has an emission line 1n the
EUV range. For example, the element tin may be used as
pure tin (Sn); as a tin compound, for example, SnBr,, SnBr,,
SnH,; as a tin alloy, for example, tin-gallium alloys, tin-
indium alloys, tin-indium-gallium alloys, or any combina-
tion of these alloys. The target mixture 714 may also include
impurities such as non-target particles. Thus, 1n the situation
in which there are no impurities, the target mixture 714 1s
made up of only the target material. The target mixture 714
1s delivered by the supply system 725 into the interior 707
of the chamber 730 and to the plasma formation location
705.

The light source 700 includes a drive laser system 715 that
produces the amplified light beam 710 due to a population
inversion within the gain medium or mediums of the laser
system 715. The light source 700 includes a beam delivery
system between the laser system 715 and the plasma for-
mation location 705, the beam delivery system including a
beam transport system 720 and a focus assembly 722. The
beam transport system 720 receives the amplified light beam
710 from the laser system 715, and steers and modifies the
amplified light beam 710 as needed and outputs the ampli-
fied light beam 710 to the focus assembly 722. The focus
assembly 722 receives the amplified light beam 710 and
focuses the beam 710 to the plasma formation location 705.

In some implementations, the Laser system 715 may
include one or more optical amplifiers, lasers, and/or lamps
for providing one or more main pulses and, 1n some cases,
one or more pre-pulses. Each optical amplifier includes a
gain medium capable of optically amplifying the desired
wavelength at a high gain, an excitation source, and internal
optics. The optical amplifier may or may not have laser
mirrors or other feedback devices that form a laser cavity.
Thus, the laser system 713 produces an amplified light beam
710 due to the population inversion 1n the gain media of the
laser amplifiers even 1f there 1s no laser cavity. Moreover, the
laser system 715 may produce an amplified light beam 710
that 1s a coherent laser beam if there 1s a laser cavity to
provide enough feedback to the laser system 715. The term
“amplified light beam™ encompasses one or more of: light
from the laser system 715 that 1s merely amplified but not
necessarily a coherent laser oscillation and light from the
laser system 713 that 1s amplified and 1s also a coherent laser
oscillation.

The optical amplifiers in the laser system 715 may include
as a gain medium a filling gas that includes CO, and may
amplify light at a wavelength of between about 9100 and
about 11000 nm, and in particular, at about 10600 nm, at a
gain greater than or equal to 800 times. Suitable amplifiers
and lasers for use in the laser system 715 may include a
pulsed laser device, for example, a pulsed, gas-discharge
CO, laser device producing radiation at about 9300 nm or
about 10600 nm, for example, with DC or RF excitation,
operating at relatively high power, for example, 10 kW or
higher and high pulse repetition rate, for example, 40 kHz or
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more. The pulse repetition rate may be, for example, 50 kHz.
The optical amplifiers 1n the laser system 715 may also
include a cooling system such as water that may be used
when operating the laser system 715 at higher powers.

The light source 700 includes a collector mirror 735
having an aperture 740 to allow the amplified light beam 710
to pass through and reach the plasma formation location 705.
The collector mirror 735 may be, for example, an ellipsoidal
mirror that has a primary focus at the plasma formation
location 705 and a secondary focus at an intermediate
location 745 (also called an intermediate focus) where the
EUYV light may be output from the light source 700 and may
be mput to, for example, an integrated circuit lithography
tool (not shown). The light source 700 may also include an
open-ended, hollow conical shroud 750 (for example, a gas
cone) that tapers toward the plasma formation locution 7035
from the collector mirror 735 to reduce the amount of
plasma-generated debris that enters the focus assembly 722
and/or the beam transport system 720 while allowing the
amplified light beam 710 to reach the plasma formation
location 705. For this purpose, a gas tlow may be provided
in the shroud that 1s directed toward the plasma formation
locution 705.

The light source 700 may also include a master controller
755 that 1s connected to a droplet position detection feed-
back system 756, a laser control system 757, and a beam
control system 758. The light source 700 may include one or
more target or droplet imagers 760 that provide an output
indicative of the position of a droplet, for example, relative
to the plasma formation location 705 and provide this output
to the droplet position detection feedback system 756, which
may, for example, compute a droplet position and trajectory
from which a droplet position error may be computed either
on a droplet by droplet basis or on average. The droplet
position detection feedback system 756 thus provides the
droplet position error as an input to the master controller
755. The master controller 755 may therefore provide a laser
position, direction, and timing correction signal, for
example, to the laser control system 757 that may be used.,
for example, to control the laser timing circuit and/or to the
beam control system 738 to control an amplified light beam
position and shaping of the beam transport system 720 to
change the location and/or focal power of the beam focal
spot within the chamber 730.

The supply system 725 includes a target material delivery
control system 726 that 1s operable, 1n response to a signal
from the master controller 7355, for example, to moditly the
release point of the droplets as released by a target matenal
supply apparatus 727 to correct for errors in the droplets
arriving at the desired plasma formation location 705. The
target material supply apparatus 727 includes a target for-
mation apparatus that employs an adhesive such as the
adhesive 234.

Additionally, the light source 700 may include light
source detectors 765 and 770 that measures one or more
EUV light parameters, including hut not limited to, pulse
energy, energy distribution as a function of wavelength,
energy within a particular band of wavelengths, energy
outside of a particular band of wavelengths, and angular
distribution of EUV intensity and/or average power. The
light source detector 765 generates a feedback signal for use
by the master controller 755. The feedback signal may be,
for example, indicative of the errors in parameters such as
the timing and focus of the laser pulses to properly intercept
the droplets 1n the right place and time for effective and
eflicient EUV light production.
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The light source 700 may also include a guide laser 775
that may be used to align various sections of the light source
700 or to assist 1n steering the amplified light beam 710 to
the plasma formation location 70S. In connection with the
guide laser 775, the light source 700 includes a metrology
system 724 that 1s placed within the focus assembly 722 to
sample a portion of light from the guide laser 775 and the
amplified light beam 710. In other implementations, the
metrology system 724 1s placed within the beam transport
system 720. The metrology system 724 may include an
optical element that samples or re-directs a subset of the
light, such optical element being made out of any material
that may withstand the powers of the guide laser beam and
the amplified light beam 710. A beam analysis system 1s
formed from the metrology system 724 and the master
controller 755 since the master controller 755 analyzes the
sampled light from the guide laser 7735 and uses this infor-
mation to adjust components within the focus assembly 722
through the beam control system 758.

Thus, 1n summary, the light source 700 produces an
amplified light beam 710 that 1s directed along the beam path
to wrradiate the target mixture 714 at the plasma formation
location 703 to convert the target material within the mixture
714 1nto plasma that emaits light 1n the EUV range. The
amplified light beam 710 operates at a particular wavelength
(that 1s also referred to as a drive laser wavelength) that 1s
determined based on the design and properties of the laser
system 715. Additionally, the amplified light beam 710 may
be a laser beam when the target material provides enough
teedback back into the laser system 715 to produce coherent
laser light or if the drive laser system 7135 includes suitable
optical feedback to form a laser cavity.

The implementations may further be described using the
following clauses:

1. A system for an extreme ultraviolet light source, the
system comprising: a capillary tube, the capillary tube
comprising a sidewall extending from a first end to a second
end, the sidewall comprising an exterior wall and an interior
wall, the mterior wall defining a passage that extends from
the first end to the second end;

an actuator configured to be positioned at the exterior wall
of the capillary tube; and an adhesive between the exterior
wall and the actuator, the adhesive being configured to
mechanically couple the actuator and die capillary tube, w
lie rein the adhesive occupies a volume that remains sub-
stantially the same or expands as a result of curing.

2. The system of clause 1, wherein the adhesive occupies a
volume that remains substantially the same or expands while
increasing the temperature of the adhesive.

3. The system of clause 2, wherein the adhesive occupies a
volume that continues to expand or remains substantially the
same when the temperature of the adhesive 1s above a
temperature associated with a gel point of the adhesive.

4. The system of clause 1, wherein the adhesive occupies a
volume remains substantially the same or expands at least at
some temperatures above a gel point of the adhesive.

5. The system of clause 1, wherein the adhesive comprises
a benzoxazine resin or a resin containing benzoxazines.

6. The system of clause 1, wherein the adhesive comprises
a cyanate ester resin or a resin containing cyanate esters.
7. The system of clause 1, wherein the actuator surrounds at
least a portion of the exterior wall of the capillary tube, and
the adhesive surrounds the portion of the exterior wall of the
capillary tube.

8. The system of clause 7, wherein the actuator comprises a
piezo-electric modulator.
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9. The system of clause 1, further comprising a control
system coupled to the actuator, the control system being
configured to provide an actuation signal to the actuator, the
actuation signal being suilicient to cause the actuator to
vibrate at a frequency.

10. A system for an extreme ultraviolet light source, the
system comprising:

a tube comprising a sidewall extending from a first opening
at a first end to a second opening at a second end, the
sidewall comprising an exterior wall and an interior wall, the
inferior wall defining a passage Unit extends from the first
end to the second end:

an actuator that surrounds a portion of the exterior wall of
the tube:; and

an adhesive that fills a region between the portion of the
exterior wall and the actuator such that the adhesive 1s 1n
contact with the portion of the exterior wall and the actuator,
wherein, during operational use: molten metal target mate-
rial flows 1nto the second opening of the tube and out of the
first opening of the tube while the actuator vibrates tire lube
to form a stream of target material droplets, and the adhesive
remains 1n contact with the portion of the exterior wall and
the actuator.

11. The system of clause 10, wherein, during operational
use, the exterior wall 1s heated to a temperature that 1s
greater than a curing temperature of the adhesive, and the
adhesive remains 1n contact with the portion of the exterior
wall and the actuator when the exterior wall 1s heated to the
temperature that 1s greater than the curing temperature.

12. The system of clause 10, wherein the adhesive occupies
a volume that remains substantially the same or expands
while increasing the temperature of the adhesive.

13. The system of clause 12, wherein the adhesive occupies
a volume that continues to expand or remains substantially
the same when the temperature of the adhesive 1s above a
temperature associated with a gel point of the adhesive.
14. The system of clause 10, wherein the adhesive occupies
a volume remains substantially the same or expands at least
at some temperatures above a gel point of the adhesive.
15. The system of clause 10, wherein the adhesive comprises
a benzoxazine resin or a resin containing benzoxazines.
16. The system of clause 10, wherein the adhesive comprises
a cyanate ester resin or a resin containing cyanate esters.
1'7. The system of clause 10, wherein the actuator surrounds
at least a portion of the exterior wall of the capillary lube,
and the adhesive surrounds the portion of the exterior wall
of the capillary lube.

18. An extreme ultraviolet light source comprising:

a vacuum vessel; and

a target material supply system configured to supply target
material to an interior of the vacuum vessel, the target
material supply system comprising:

a reservoir configured to hold molten target material and to
apply pressure to the molten target material, the molten
target material emitting extreme ultraviolet light when 1n a
plasma state; and

a droplet generator comprising:

a capillary tube, the capillary tube comprising a sidewall
extending from a first end to a second end, the sidewall
comprising an exterior wall and an 1nterior wall, the interior
wall defining a passage that extends from the first end to the
second end, the passage configured to receive molten target
material front the reservoir:

an actuator configured to be positioned at the exterior wall
of the capillary tube; and

an adhesive that has a volume that remains substantially the
same or expands as a result of curing, the adhesive being
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between the exterior wall and the actuator, and the adhesive
being configured to mechanically couple the actuator and the
capillary tube.

19. The extreme ultraviolet light source of clause 18,
wherein the adhesive occupies a volume that remains sub-
stantially the same or expands while increasing the tempera-
ture of the adhesive.

20. The extreme ultraviolet light source of clause 19,
wherein the adhesive occupies a volume that continues to
expand or remains substantially the same when the tempera-
ture of the adhesive 1s above a temperature associated with
a gel point of the adhesive.

21. The extreme ultraviolet light source of clause 18,
wherein the adhesive occupies a volume that remains sub-
stantially the same or expands during curing.

Other implementations are within the scope of the claims.

What 1s claimed 1s:

1. A system for an extreme ultraviolet light source, the
system comprising:

a capillary tube, the capillary tube comprising a sidewall
extending from a first end to a second end, the sidewall
comprising an exterior wall and an interior wall, the
interior wall defining a passage that extends from the
first end to the second end;

an actuator configured to be positioned at the exterior wall
of the capillary lube; and

an adhesive between the exterior wall and the actuator, the
adhesive being configured to mechanically couple the
actuator and the capillary tube, wherein the adhesive
occupies a volume that remains substantially the same
or expands as a result of curing.

2. The system of claim 1, wherein the adhesive occupies

a volume that remains substantially the same or expands
while increasing the temperature of the adhesive.

3. The system of claim 2, wherein the adhesive occupies
a volume that continues to expand or remains substantially
the same when the temperature of the adhesive 1s above a
temperature associated with a gel point of the adhesive.

4. The system of claim 1, wherein the adhesive occupies
a volume remains substantially the same or expands at least
at some temperatures above a gel point of the adhesive.

5. The system of claim 1, wherein the adhesive comprises
a benzoxazine resin or a resin containing benzoxazines.

6. The system of claim 1, wherein the adhesive comprises
a cyanate ester resin or a resin containing cyanate esters.

7. The system of claim 1, wherein the actuator surrounds
at least a portion of the exterior wall of the capillary tube,
and the adhesive surrounds the portion of the exterior wall
of the capillary tube.

8. The system of claim 7, wherein the actuator comprises
a piezo-electric modulator.

9. The system of claim 1, further comprising a control
system coupled to the actuator, the control system being
configured to provide an actuation signal to the actuator, the
actuation signal being suilicient to cause the actuator to
vibrate at a frequency.

10. A system for an extreme ultraviolet light source, the
system comprising;:

a tube comprising a sidewall extending from a first
opening at a first end to a second opening at a second
end, the sidewall comprising an exterior wall and an
interior wall, the interior wall defining a passage that
extends from the first end to the second end;

an actuator that surrounds a portion of the exterior wall of
the tube; and

an adhesive that fills a region between the portion of the
exterior wall and the actuator such that the adhesive 1s




US 11,448,967 B2

21

in contact with the portion of the exterior wail and the
actuator, wherein, during operational use: molten metal
target material tlows into the second opening of the
tube and out of the first opening of the tube while the
actuator vibrates the tube to form a stream of target
material droplets, and the adhesive remains in contact
with the portion of the exterior w all and the actuator.

11. The system of claim 10, wherein, during operational
use, the exterior wall 1s heated to a temperature that 1s

greater than a curing temperature of the adhesive, and the
adhesive remains 1n contact with the portion of the exterior
wall and the actuator when the exterior wall 1s heated to the
temperature that 1s greater than the curing temperature.

12. The system of claim 10, wherein the adhesive occu-
pies a volume that remains substantially the same or expands
while increasing the temperature of the adhesive.

13. The system of claim 12, wherein the adhesive occu-
pies a volume that continues to expand or remains substan-
tially the same w hen the temperature of the adhesive 1s
above a temperature associated with a gel point of the
adhesive.

14. The system of claim 10, wherein the adhesive occu-
pies a volume remains substantially the same or expands at
least at some temperatures above a gel point of the adhesive.

15. The system of claim 10, wherein the adhesive com-
prises a benzoxazine resin or a resin containing benzo-
Xazines.

16. The system of claim 10, wherein the adhesive com-
prises a cyanate ester resin or a resin containing cyanate
esters.

17. The system of claim 10, wherein the actuator sur-
rounds at least a portion of the exterior wall of the capillary
tube, and the adhesive surrounds the portion of the exterior
wall of the capillary tube.
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18. An extreme ultraviolet light source comprising:

a vacuum vessel; and

a target material supply system configured to supply target

material to an 1nterior of the vacuum vessel, the target

material supply system comprising:

a reservolr configured to hold molten target material
and to apply pressure to the molten target material,
the molten target material emitting extreme ultravio-
let light when 1n a plasma state; and

a droplet generator comprising:

a capillary tube, the capillary tube comprising a
sidewall extending from a first end to a second
end, the sidewall comprising an exterior wall and
an interior wall, the interior wall defining a pas-
sage that extends from the first end to the second
end, the passage configured to receive molten
target material from the reservoir;

an actuator configured to be positioned at the exterior
wall of the capillary lube; and

an adhesive that has a volume that remains substan-
tially the same or expands as a result of curing, the
adhesive being between the exterior wall and the
actuator, and the adhesive being configured to
mechanically couple the actuator and the capillary
tube.

19. The extreme ultraviolet light source of claim 18,
wherein the adhesive occupies a volume that remains sub-
stantially the same or expands while increasing the tempera-
ture of the adhesive.

20. The extreme ultraviolet light source of claim 19,
wherein the adhesive occupies a volume that continues to
expand or remains substantially the same when the tempera-
ture of the adhesive 1s above a temperature associated with
a gel point of the adhesive.

21. The extreme ultraviolet light source of claim 18,
wherein the adhesive occupies a volume that remains sub-
stantially the same or expands during curing.
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